Loosemore M, World M, Humphries SE, Haddad FS, Montgomery HE. The Lichfield bone study: the skeletal response to exercise in healthy young men. J Appl Physiol 112: 615-626, 2012. First published November 23, 2011 doi:10.1152/japplphysiol.00788.2011The skeletal response to short-term exercise training remains poorly described. We thus studied the lower limb skeletal response of 723 Caucasian male army recruits to a 12-wk training regime. Femoral bone volume was assessed using magnetic resonance imaging, bone ultrastructure by quantitative ultrasound (QUS), and bone mineral density (BMD) using dual-energy X-ray absorptiometry (DXA) of the hip. Left hip BMD increased with training (mean Ϯ SD: 0.85 Ϯ 3.24, 2.93 Ϯ 4.85, and 1.89 Ϯ 2.85% for femoral neck, Ward's area, and total hip, respectively; all P Ͻ 0.001). Left calcaneal broadband ultrasound attenuation rose 3.57 Ϯ 0.5% (P Ͻ 0.001), and left and right femoral cortical volume by 1.09 Ϯ 4.05 and 0.71 Ϯ 4.05%, respectively (P ϭ 0.0001 and 0.003), largely through the rise in periosteal volume (0.78 Ϯ 3.14 and 0.59 Ϯ 2.58% for right and left, respectively, P Ͻ 0.001) with endosteal volumes unchanged. Before training, DXA and QUS measures were independent of limb dominance. However, the dominant femur had higher periosteal (25,991.49 vs. 2,5572 mm 3 , P Ͻ 0.001), endosteal (6,063.33 vs. 5,983.12 mm 3 , P ϭ 0.001), and cortical volumes (19,928 vs. 19,589.56 mm 3 , P ϭ 0.001). Changes in DXA, QUS, and magnetic resonance imaging measures were independent of limb dominance. We show, for the first time, that short-term exercise training in young men is associated not only with a rise in human femoral BMD, but also in femoral bone volume, the latter largely through a periosteal response. skeleton; exercise; training; bone remodelling; density; quantitative ultrasound; bone mineral density; military recruits; magnetic resonance imaging; dual-energy X-ray absorptiometry
THE HUMAN SKELETON IS FAR from inert: bone structure and composition are dynamically maintained through simultaneous deposition and resorption. Altering the balance of these processes allows rapid architectural remodeling, whether favorably (e.g., fracture healing), or unfavorably (e.g., disuse osteoporosis). Mechanistic investigations of remodeling in healthy humans have been hampered by the lengthy timescales of population-based studies (such as those of progression of osteoporosis). The study of the human skeletal response to exercise offers one potential means of exploring the skeletal adaptive process.
Through cell mechanotransduction, exercise causes skeletal remodeling through a simultaneous increase in both resorption and deposition of bone tissue (99, 113) . In the long term, this elevates bone mass (111, 114) , a finding confirmed by prospective studies (13) . The same may hold true with shorter training period bone mass rising with 14 -15 wk training in army recruits (15, 66, 76) . However, resorption may exceed deposition in early training (113) : lumbar spine bone mineral density (BMD) has been observed to fall (15) , and calcaneal trabecular separation increase (25) with 15 and 10 wk (respectively) of military training.
Meanwhile, the geometry and the long-axis distribution of bone mass are key determinants of bone strength (49) . Changes in bone geometry with exercise have been poorly studied, due in part to a paucity of appropriate available technologies. Although used to assess change in bone geometry (36, 73) , dual-energy X-ray absorptiometry (DXA) cannot allow for bone's hollow asymmetric form, nor readily differentiate endosteal and periosteal changes (118) . Concerns over ionizing radiation exposure have limited the application of peripheral quantitative computed tomography (pQCT) in young cohorts (35, 43) . However, those data, which do exist (69) , support the fact that changes in bone turnover with training are also associated with changes in bone volume and density. Magnetic resonance imaging (MRI) overcomes such problems and has helped describe the effects of long-term activity on bone geometry (8, 19, 22, 35, 42, 118) . However, while rodent bone volume increases with only 10 wk of endurance training (52) , MRI has yet to be applied to the detailed study of the early human skeletal response with bone (cortical or endosteal) volume.
Thus data describing the early response of the human skeleton to exercise (and bone morphological change, in particular) are sparse and conflicting. Furthermore, no large prospective study has ever simultaneously assessed changes in bone mineralization, microstructure, and macroscopic form in young adults. Such data have clinical relevance, given the demonstrable benefits of short-term intervention in elevating bone mass, even in those of teenage years. First, an understanding of bone remodeling in the young may help inform the public health agenda with regards to exercise in this age group as a means of augmenting peak bone mass and preventing longer term skeletal ill health. Second, a comprehensive study such as this would improve our understanding of the mechanisms through which bone strength is preserved, especially in terms of the relative contributions to changes in geometry and BMD. Third, such studies may help identify those most at risk of stress fracture with training, allowing appropriate adjustment of training loads. Such descriptive data would also allow for association with further genetic or biochemical markers, such that the cellular mechanisms regulating the bone response can be elucidated. This would allow novel therapeutic targets to be identified. Finally, given that some core bone remodeling processes may be fundamental to disease pathogenesis (e.g., stress fracture, osteoporosis), observations may have value beyond athletes and military recruits.
We have thus performed the first large prospective study to simultaneously assess exercise-induced changes in bone mineralization, microstructure, and macroscopic form in young adult men.
MATERIALS AND METHODS
This study had appropriate ethics approval (Defence Medical Services Clinical Research Committee) and was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Written, informed consent was obtained from all subjects.
Study Subjects
Subjects were consecutive Caucasian men recruited to the Army Training Regiment, Lichfield, UK, over a 21-mo period. All were free from metabolic bone, cardiovascular, and renal diseases, and were taking no medications. Those with contraindications to MRI (such as implanted metal or electronic devices or claustrophobia) were deemed ineligible for study. At entry, subject height and weight were recorded. While leg dominance may be defined by stance or kicking, these may be considered largely synonymous (41) . Leg dominance was thus recorded by asking the recruits whether they were right, left, or both-footed, with regards to ball kicking.
Training Regimen
All recruits underwent the same 12-wk program of physical training. Described in more detail elsewhere (115, 116) , this involved multiple 40-to 80-min periods of strength training (ϳ28 periods), endurance training (ϳ15 periods), agility (ϳ8 periods), material handling (ϳ6 periods), circuit training (ϳ4 periods), and sports (ϳ6 periods). Strength exercises included assisted pull-up, leg press, bench press, seated row, dead lift, high curl, and upright row. The endurance period consisted of interval running, followed by loaded marching with progressively increasing loads. Circuit training generally consisted of high-repetition, low-force exercise using all major muscle groups, and sports periods were mainly ball games in a small area. In addition, training included other physical exercise, such as prolonged marching with various loads while on military exercise, and many 40-to 80-min periods of drill that averaged about one 40-min period/day. Total energy expenditure is calculated to be 3,590 kcal/day (91) .
Assessment of Skeletal Phenotype
Both before and after completion of the 12-wk military training program, skeletal phenotype of the lower limbs was examined using DXA, quantitative ultrasound (QUS) and MRI. These modalities were selected on the basis of accuracy and reproducibility, but also for cost, safety (minimizing radiation exposure), accessibility (imaging having to be performed at the training center), and speed (important, given severe restrictions on available scanning time during the training program).
Application of Phenotyping Modalities
DXA. Widely used in both clinical and research environments, DXA is a highly characterized method of noninvasively measuring bone density with application to all areas of the skeleton. The Hologic QDR-1000/W (Hologic, Bedford, MA) system with analysis protocols and edge detection algorithms designed by VERTEC Scientific (Reading, UK) was used. This system offers acceptable precision; coefficient of variation is Ͻ1.5% for neck of femur in vitro repeat measurements, while in vivo the overall precision for the femoral neck and trochanter is 2-3%, and that for Ward's triangle is Ͼ3% (62, 102) . Effective subject radiation dose is 0.07 Sv. For these reasons, this same system has been previously used in the study of BMD in young men (15, 81) .
All data were obtained by a single operator (K. Eleftheriou), using a Hologic QDR-1000 machine (Hologic, Bedford, MA). A standardized positioning protocol was employed throughout the investigative period, thereby avoiding movement artifact and ensure repeatability at the posttraining 12-wk scan. Subjects were positioned supine, with the left foot braced and strapped to a plastic triangular frame, ensuring fixed internal rotation of 60°, thereby fixing the femoral neck angle. Imaging an 8-cm segment of the proximal femur immediately distal to the base of the lesser trochanter provided proximal femoral BMD (PFBMD). Other regional and net average BMD measurements obtained were for the total hip (THBMD), femoral neck (FNBMD), greater trochanter (TRBMD), and intertrochanteric region (ITBMD). Although the value of measurements in Ward's triangle (WTBMD) is questioned (70) , these were included so as to attain a more complete picture of the response of bone to exercise in this group of young men (very different from the more elderly population to whom DXA is usually applied). To ensure data quality, a quality control (QC) program that includes use of an anthropomorphic phantom was performed at the beginning of each scan session.
QUS systems. QUS systems assess broadband ultrasound attenuation (BUA; in dB/MHz) (61), offering information related to bone ultrastructure: the more complex the structure of the bone, the greater the "block" to sound transmission. Normal bone thus has a higher attenuation than osteoporotic bone. QUS also measures the velocity of sounds (VOS; in ms Ϫ1 ), which rises with increased bone connectivity. QUS is normally applied to the calcaneus, a bone with limited soft tissue coverage and a (high) proportion of trabecular bone (12, 86) . The same system has been previously applied to a smaller study of UK army recruits (25) .
Employing a single-operator technique, a single CUBA Clinical QUS was used (McCue Ultrasonics PLC, Winchester, UK) throughout the study period. At standard room temperature, the subject's heel was measured for the appropriate sized insert and positioned in the foot well, according to the manufacturer's protocols. This device uses silicone pads brought into contact with each side of the patient's heel by means of a motorized mechanism with acoustic coupling by means of ultrasound gel. QUS parameters (BUA and VOS) were then measure. The left heel was studied so as to allow for comparison of ipsilateral bone ultrastructure with DXA scanning of the left proximal femur. BUA is influenced by trabecular orientation, and precision is thus increased by repositioning the heel twice (and taking two separate measures). Further scans cause cutaneous pitting and increased measurement error. Using such a protocol, sensitivity is entirely acceptable for a study such as ours: changes in BUA of ϳ2.5%, and in VOS of 0.3% (121) , can be detected; coefficient of variation for calcaneal BUA was 1.1-1.2% and for VOS 0.17-0.30% (37) . A manufacturer QC program utilizing an artificial phantom was performed before each investigative day.
MRI. MRI has been successfully applied in the assessment of bone geometry (22, 42, 43, 59, 118) and has been validated in the measurement of femoral volumes; repeatability and accuracy (118) far exceed those of DXA and are comparable to those obtained using pQCT and computed tomography (94, 98) . For intraobserver variability, coefficients of variation range from 0.5 Ϯ 0.5% [for total volume (TV)] to 3.1 Ϯ 3.1% [for cortical width (CW)]. For interobserver variability, values are 0.55 Ϯ 0.5% (TV) and 3.6 Ϯ 3.6% (CW), respectively. MRI accuracy is excellent for TV (3.3 Ϯ 6.4%) and cortical volume (CV) (3.5 Ϯ 4.0%) (118) .
With the use of methodologies similar to those of past studies (20, 22, 42, 118) , proximal femoral bone volumes were determined on site using a mobile 1.5-T Siemens Sonata MR scanner (Sonata, Siemens Medical Systems, Erlangen, Germany). A standardized positioning protocol was used, whereby recruits were in a supine position, with arms held across the chest. Legs were held together and in position using Velcro strapping so as to prevent movement artifact. A pilot coronal scan was obtained to identify the greater trochanter as a fixed reference point. Subsequently, five transaxial spin echo images (TR669, field of view 45 cm ϫ 45 cm, slice thickness 10 mm) of both femurs were obtained at a fixed distance from the greater trochanter, both before and after training. The slices were at 10-mm intervals, with slice 1 in the proximal shaft of the femur below the level of the lesser trochanter, and slice 10 located distally.
Image analysis was performed using CMR tools (Cardiovascular Imaging Solutions, London, UK) by the same clinician. As previously reported (20) , this allows image magnification and measurement of femoral cortical bone cross-sectional area (CSA), as well as that of periosteal and endosteal bone cross sections ( Fig. 1) for both left and right femurs. Measurements were then used to calculate periosteal volume (PV), CV and endosteal volume (EV) for the 50-mm section of each of the left and right proximal femurs. Our intraobserver error (5%) was consistent with previous observations (20) .
Reproducibility
At the beginning of the study, reproducibility of the various scanning methodologies was assessed. Coefficients of variation were calculated as previously described (23) . All scanning and MRI analysis was performed by the senior author. Intraobserver reproducibility of DXA measures was assessed in 30 subjects who had two repeat scans in the same day (2-3 h between repeat scans). The coefficient of variation ranged from 1.21 to 1.62%, similar to previous reports (67) . QUS intraobserver reproducibility was assessed in a similar way to DXA. The coefficient of variation was calculated as 2.7% for BUA and 0.9% for VOS, similar to previous reports (24) . MRI intraobserver reproducibility was assessed in 20 scans from 20 subjects. Contours were drawn twice 1 wk apart on the same images by a single operator (K. Eleftheriou). The coefficient of variation was calculated at 2.9, 3.1, and 3.9% for CV, PV, and EV, respectively. There are no previous comparable studies using the same MRI scanner and analysis software, although similar methods have produced similar repeatability measurements (118) .
Statistical Analysis
Statistical analysis was conducted using Intercooled STATA 10.0 (StataCorp). Outliers (defined as those 3 SD away from the mean) comprised only 0 -0.75% of all measurements and were excluded in analysis. All DXA measurements except PFBMD required natural log transformation to change their distribution to the normal to allow appropriate statistical analysis. PV, EV, CV, BUA, and VOS did not require transformation. Differences in baseline skeletal measures between those who did not complete training and those who did, and therefore had a completion scan, were analyzed using an unpaired T-test.
The influence of age upon skeletal parameters was investigated using linear regression, while the comparison of lifestyle factors, such as smoking, pre-basic military training weight-bearing sports activity levels, and alcohol consumption, between those who completed training and those who did not, was investigated using Fisher's exact test.
The main endpoint of the study was to investigate the longitudinal change in skeletal parameters with exercise. As such, the difference in baseline and completion measures was analyzed using a paired t-test.
Values are presented as means Ϯ SD, unless otherwise stated. Throughout, a P-value of Ͻ0.01 was considered significant.
RESULTS
Of 1,430 recruits available, 923 volunteered. Of these, 740 were randomly selected to take part, all but 17 of whom were Fig. 1 . MRI image analysis was carried out using CMR-Tools. A: example of unmagnified image of left thigh in cross section. B: magnified image of the same left thigh cross section. The operator is able to magnify each bone image and outline the region of interest (ROI) free hand (for greater free-hand bone-edge contour accuracy, ROIs are only placed once the image has been greatly magnified). This process is repeated three times so as to obtain the three cross-sectional values described below. 1) Endostial volume (EV): analysis of this ROI alone gives the cross-sectional value for the femur within the boundaries of the inner bony cortex, referred to here as the EV when in series with other slices, or "endostial cross section" when considered for individual sections. 2) Cortical volume: with two ROIs in place, the software will calculate the cross section of cortical bone, referred to here as the "cortical volume" when in series with other slices, or "cortical cross section" when considered for individual sections. 3) Periostial volume (PV): analysis of this ROI alone gives the cross-sectional value for the femur within the boundaries of the outer bony cortex, referred to here as the PV when in series with other slices, or "periostial cross section" when considered for individual sections. studied (due to restricted timings of recruit availability). Thus 723 recruits were initially assessed. Time restrictions prevented assessment of all three phenotypes in all recruits. Pretraining DXA measures were made in 651 recruits, MRI measures in 650, and QUS measures in 572. Lack of availability of the necessary specific algorithm for PFBMD assessment meant that baseline measures were only recorded in 529 recruits, with paired data being available for 380.
Not all recruits complete basic training in this 12-wk period. While some opt out or are discharged for disciplinary reasons, others leave (or are set back in training) on medical grounds. Of these, one third have preexisting (but unidentified or concealed) conditions, which preclude military service. The remainder suffer injuries, with many being "overuse" injuries, such as stress fractures and anterior knee pain (10, 30, 74) . For such reasons, and due to other military duties, some 290 recruits were unavailable for follow-up. In those available, time constraints meant that not all subjects obtained every follow-up scan.
Follow-up investigation at the end of training lead to paired pre-and posttraining measures in 382 with DXA, 399 with MRI, and 372 with QUS. Follow-up investigation at the end of training lead to paired pre-and posttraining measures in 382 with DXA, 399 with MRI, and 372 with QUS. Lack of availability of the necessary specific algorithm for PFBMD assessment meant that baseline measures were only recorded in 529 recruits, with paired data being available for 380.
The total 433 subjects examined posttraining by MRI, DXA, or QUS (age 19.87 Ϯ 2.32 yr, height 177.97 Ϯ 6.14 cm, weight 73.8 Ϯ 9.8 kg) were similar to those who only had baseline measures in most regards (age 20.00 Ϯ 2.29 yr, height 177.13 Ϯ 6.54 cm, weight 72.0 Ϯ 9.4 kg; P ϭ 0.34, P ϭ 0.28, and P ϭ 0.4, respectively), but were slightly heavier (73.8 Ϯ 8.00 vs. 72.2 Ϯ 12.3 kg, P ϭ 0.04). However, body mass index was similar in those that did and did not have repeat scans (23.25 Ϯ 2.52 vs. 22.96 Ϯ 2.52 kg/m; P ϭ 0.15).
Comparison (by Fisher's exact test) between those with paired data and those with only baseline data for smoking group (current smokers, recent ex-smokers within 6 mo, exsmokers for greater than 6 mo, or nonsmokers), alcohol intake (no units per week, 1-9 units/wk, 10 -21 units/wk, and Ͼ21 units/wk), and weight-bearing sporting activity yielded no difference in these lifestyle factors (P ϭ 0.121, 0.644, 0.064, respectively). Imaging data were also similar for those reexamined compared with those with only baseline data. 
DXA Measurements
Derived DXA measurements (Table 1) were comparable to those obtained using identical equipment in healthy UK Caucasian males of a similar age (55) . All baseline anthropometric measures, with the exception of weight, were similar for those who had repeat scans (weight 73.9 Ϯ 13. 
QUS Measurements
Results are shown in Table 2 . Both BUA and VOS values were in the range expected for UK men of this age group, based on previously published normative data using the same equipment (60 Table 2) .
MRI Measurements
See PV and CV rose significantly during the 12-wk training program (P Յ 0.003) and to a similar degree in both legs (Table 3) , with no change seen in EV (P Ն 0.66). These data suggest that the measured increases in CV occurred by increasing the periosteal envelope without change in the endosteal measurements. The changes in CV were (mean Ϯ SD) 0.71 Ϯ 4.05% on the left and 1.09 Ϯ 4.05% on the right femur.
Influence of Age
Age did not significantly correlate with MRI measures (PV R 2 ϭ 3.0%, P ϭ 0.273; CV R 2 ϭ 3.6%, P ϭ 0.1277; EV R 2 ϭ 1.0%, P ϭ 0.8495), QUS (BUA, R 2 ϭ 3.6%, P ϭ 0.152, VOS R 2 ϭ 3.5%, P ϭ 0.1,579), nor DXA (THBMD, R 2 ϭ 0.4%, P ϭ 0.6118; FNBMD, R 2 ϭ 1.6%, P ϭ 0.3137, TRBMD, R 2 ϭ 2.9%, P ϭ 0.1743; ITBMD, R 2 ϭ 2.4%, P ϭ 0.2168), although baseline log WTBMD and PFBMD did regress with age (R 2 ϭ 1.87%, P ϭ 0.0075, and R 2 ϭ 3.15%, P Ͻ 0.0001, respectively).
Associations With Dominance
See Tables 4 and 5 . Both legs underwent MRI scanning, while only left leg DXA/QUS measurement was performed. The majority of subjects were right-leg dominant.
For this analysis, the few (n ϭ 14) individuals who had leg codominance were excluded. Data are summarized in Tables 4  and 5 . With regards to DXA and QUS measurements for which the left leg was scanned, the measurements were assigned as "nondominant" for the individuals who were right-leg-dominant, and vice versa. For the MRI measures, where both legs were scanned, paired measurements were available and assigned according to each subject's dominance.
At baseline (Table 4) , no differences were found between dominant and nondominant measurements for all DXA and QUS measures (P Ͼ 0.20). For MRI measurements, however, the dominant femur had significantly higher PV (P Ͻ 0.001), CV (P Ͻ 0.001), and EV (P ϭ 0.001). The same held true among those for whom paired training data were available: dominant and nondominant DXA (P Ն 0.6) and QUS measures (P Ͼ 0.19) did not differ, while the dominant femur still had significantly higher PV (P Ͻ 0.001), CV (P Ͻ 0.001), and EV (P ϭ 0.045).
Dominance was unrelated to the magnitude of training response for all variables (P Ͼ 0.06) (Table 5) . Specifically, all DXA variables increased significantly (P Յ 0.006). No significant changes were seen in VOS (P Ն 0.59), while a significant increase was seen in BUA for those in whom the scanned left leg was their nondominant limb (P Ͻ 0.001), but not for the smaller group (n ϭ 36) who were left-leg dominant (P ϭ 0.75). Significant increases were seen in both PV and CV on both dominant and nondominant legs (P Ͻ 0.001), with no change in EV (P ϭ 0.92 and P ϭ 0.72, respectively) ( Table 5 ). Values are means Ϯ SD in mm 3 ; n, no. of measurements. Similar changes were seen on both legs, with periostial (PV) and cortical volume (CV) increasing significantly after the 12-wk training program (P Յ 0.003), with no change seen in the endostial volume (EV) (P Ն 0.66).
DISCUSSION
Using three phenotyping modalities, we have characterized the lower limb skeletal response to 12 wk of uniform exercise training in young Caucasian men. Substantial increases in BMD (of 0.85-2.93% in all areas of the femur assessed) are shown, for the first time, to occur over a short time frame such as this, but also accompanied by parallel changes in femoral bone morphology. Bone deposition is shown to be largely cortical.
These findings are of likely relevance to a wider population and especially to athletes. However, they may also find especial resonance for military recruits, among whom rapid bone remodeling seems associated with bone injury. Asymptomatic bone injury (56) and symptomatic stress fracture (44) are both commonplace. Furthermore, the geometric factors we describe (and their responses to training) may play an important role in the etiology of (or prevention from) such injury (27) .
Changes in BMD With Training
In our study, THBMD rose by 1.89 Ϯ 0.15% (mean of individual changes), from 1.083 Ϯ 0.007 to 1.102 Ϯ 0.007 g/cm 2 , with mean rises of 0.85, 1.98, 1.76, 1.36, and 2.93% seen for FNBMD, TRBMD, ITBMD, PFBMD, and WTBMD, respectively, findings in keeping with those of others. Thus tibial diaphyseal BMD increases with 14 -15 wk of military training (15, 66) , and femoral BMD with 16 wk of training in Values are means Ϯ SD; n, no. of measurements. *Only MRI measures were found to be statistically different between the dominant and nondominant sides (P Յ 0.004). (69) . The pattern of change in BMD is also consistent with existing published data, albeit those resulting from much longer training periods. Thus we observed the greatest change in BMD to be in Ward's triangle. In a group of young men, 6 mo of physical training induced changes of 1.4% for TRBMD, 2.4% for FNBMD, and 3.0% for WTBMD (93) . Greater increases in WTBMD are also seen in older women (57) in response to resistance and impact exercise. WTBMD is not a true anatomic area, but is generated by the DXA scan software as the area having the lowest BMD in the femoral head. Being an area of high turnover trabecular bone, it may well be more responsive to the osteogenic stimulus.
Changes in QUS With Training
That BMD is only able to predict 66 -74% of the variation in bone strength (2) is reflected in the considerable overlap in BMD values between women with and without fractures (16) . In this regard, QUS may be additionally informative, providing information on other characteristics of bone, such as porosity, connectivity, and anisotropy, that are distinct from BMD (32) .
We showed BUA to rise with training (from 88.10 Ϯ 14.92 to 90.60 Ϯ 13.93 dB/MHz, P Ͻ 0.001), a finding in keeping with the higher BUA values observed in 45-to 74-yr-old men participating in Ͼ2 h/wk of high-impact activity compared with the sedentary (47) , and in pubertal female gymnasts than in controls (65) . They are also in keeping with studies of young male army recruits (25) , postmenopausal (4) and premenopausal women (39), peripubertal girls (64), and young men (18) over training periods of 10 wk and 6, 12, and 18 mo, respectively. Meanwhile, BUA increased over 6 mo to a similar degree in Finnish male army recruits as it did in controls (112) , suggesting that BUA can continue to increase with growth (albeit over a much longer time frame than that of our study). Caution must thus be exercised in attributing the changes in BUA that we observed to the training stimulus alone. Nonetheless, the fact that these changes occurred in the context of changes in macroscopic form and bone density and are in keeping with both animal data and past human studies does offer some degree of confidence that the training stimulus was indeed the main driver of change.
While VOS is elevated in physically active boys (5), professional footballers (50) , and pubertal female gymnasts (65) compared with controls, our failure to identify a trainingrelated rise in VOS (1,662.6 Ϯ 2.00 vs. 1,663.5 Ϯ 1.92 ms Ϫ1 ; ϩ0.06 Ϯ 0.09%, P ϭ 0.58) is not unusual (4, 18, 39) . Training-related increases were, however, identified in one study of peripubertal girls (64) , while a small study (n ϭ 26) of UK army recruits undergoing 10 wk of training identified an associated significant decrease in mean VOS of 1.7% (25) . Such findings are somewhat contradictory: a "stronger" bone would be expected to attenuate sound waves better (and thus have a higher BUA), but also allow sound to pass through it faster (with a higher VOS). The authors speculated that this finding was due to increases in trabecular separation due to microfracture and resultant loss of trabeculae (24) . Alternatively, training intensity may have differed from our study, as might the pretraining habitual fitness of the subjects. This might be of importance if, as has been speculated, VOS initially falls in response to exercise, followed by a rise after continued activity (25) .
Changes in Bone Volume With Training
Only one other study has examined changes in bone morphology at the proximal femur over a similar period in human subjects (20) . Although small and not primarily intended to characterize the response of femoral cortical bone to training, the study did provide evidence that bone geometry can acutely change in response to exercise, even within a short period. We have confirmed and extended these observations. Both left and right femoral bone volumes increased with training: CV by 1.09 Ϯ 0.20 and 0.71 Ϯ 0.20%, and PV by 0.78 Ϯ 0.16 and 0.59 Ϯ 0.13%, respectively. EV did not change significantly (0.44 Ϯ 0.51 and 1.13 Ϯ 0.59%, respectively). This is the first study to show increases in femoral CV in such a short training period (12 wk), but also to show that such short-term changes predominantly reflect differences in periosteal rather than endosteal bone. Such increases in periosteal bone deposition as we have identified would greatly enhance bone strength beyond that associated with simple mineralization (17, 96, 105) .
Studies comparing the playing and nonplaying arms of athletes (35, 51) , the bones of athletes and controls (36) , and those engaged in different sporting activities (19) or experiencing different training volumes (73) support such a role for mechanical loading in modulating gross bone geometry. In adult long-term tennis players, cortical bone volume is increased in the dominant arm (3, 21, 35, 58) , seemingly as a result of both periosteal expansion and endocortical contraction (34, 51) . In athletes of mixed sex and sporting discipline, tibial diaphyseal cortical CSA was increased compared with controls, due to increases in periosteal, but not endocortical, circumference (114) . Similarly, a population study of 1,068 young men showed increased physical activity to be associated with increased tibial and radial cortical bone size through periosteal apposition (72) , while young female athletes/triathletes had higher cortical CSA and smaller medullary CSA than those engaged in non-weight-bearing sports (such as swimmers) (22) .
The differential responses of the periosteal and endosteal surfaces may be both age (92) and site dependent (95, 97) : prepubertal racquet-sport athletes demonstrate preferential periosteal new bone deposition in their playing arms (8, 58) , while prepubertal boys undergoing 8 mo of weight-bearing exercise showed increased femoral midshaft cortical thickness due to a decrease in endocortical diameter, with no periosteal expansion (13) . The arms of postpubertal players respond through medullary contraction (8) . In postpubertal female ten-THE LICHFIELD BONE STUDY nis players, increases in midhumeral cortical area seemed to result from periosteal expansion alone, while at the distal humerus, medullary contraction contributed more (8) . This may be due to differences in the maturation between proximal and distal parts of a limb (7, 8) and to differential loading of forces at different parts of a limb (51) .
Differences by Limb Dominance
Baseline DXA measures of BMD were similar in the dominant and nondominant legs (Table 4) .
Because the upper limb does not bear the weight of the body, loading is strongly influenced by limb dominance. Therefore, the dominant arm of tennis (34, 36, 54, 58) and baseball players shows an increase in DXA-derived areal BMD (77) . However, volumetric BMD (detected by QCT) tends to show no increase (3) or a marginal increase (21) , suggesting that loading induces changes in the geometry of the upper limb bones, but not necessarily in cortical volumetric density (3, 35, 58) . Meanwhile, the mode of loading may accentuate asymmetry; greater DXA-derived BMD measurements for the right arm of volleyball, basketball, and soccer players have been observed compared with swimmers (63) , with an increase in BMC among volleyball players compared with sedentary control (1) . Findings in the lower limb of nonathletic individuals are less consistent: some reveal no difference by limb dominance (22, 80, 119) , while DXA-derived BMD has been reported to be higher in the nondominant leg of volleyball players (63) and football and tennis players (80, 88) . In a study of 106 athletes, racquet players (and to a lesser extent, rowers) showed greater BMD on the dominant upper limb, but no differences between lower limbs in any discipline (83) .
Just as for DXA, baseline QUS measures were similar in the dominant and nondominant legs (Table 4) , a finding in agreement with others (120). Where differences are identified, they are often small (33, 46) . This might not be unexpected: while a one-sided preference for specific kicking and mobilization tasks is common, there is often little or no preference for stabilization tasks (e.g., one-leg stance, clearing an obstacle) (104) , while the mobilizing leg will often depend on the nondominant leg for support. Furthermore, the presence of asymmetry may depend on the activity status of the subjects: BUA values are higher in the heels of football players than in nonathletic controls, with significant side differences found only in the nonathletic subject (103) . Asymmetry may also increase with age (75) and (as for DXA) may be site dependent: in healthy children, calcaneal asymmetry (75) is not reflected in hand proximal phalanges (6) or midshaft tibia (68) . Where identified, VOS tends to be higher on the nondominant side (80, 88) .
However, all MRI-derived bone volumes were greater in the dominant than nondominant femur (PV: 25 3 , P ϭ 0.001). This phenomenon may be more evident because of the age of our subjects. Tennis training that begins in adulthood induces an increase in bone mass without change in width (3, 36) . Those who tend to have played from their youth increase their total CSA and cortical wall thickness without a change in volumetric or trabecular bone density (35) . This age-differential effect of mechanical loading of bone has also been found for the humerus, where increased loading has effects on both the periosteal and endocortical surfaces, with the relevant contribution of each surface to the increase in size being site specific (8) . Another study of 94 men (range 18 -28 yr) showed side-to-side differences in BMD and CW (but not periosteal area) at the tibial diaphysis, with higher values in the nondominant side (i.e., the limb supporting body weight rather than that involved with manipulation and dexterity) in both the athletic and control group (100) . Assuming that the dominant leg is exposed to greater loading over a long period, the results from this study suggest that, in the long-term (in the proximal femur of young Caucasian men at least), this increased loading leads to an increase in CV, by relatively greater periosteal expansion than endocortical apposition and without any change in BMD measured either using quantitative computerized tomography (volumetric BMD) or DXA (area-derived BMD).
The magnitude of training response was independent of limb dominance for all variables. It is plausible that the military training program provided a similar osteogenic stimulus in both limbs. Alternatively, given that MRI data did differ at baseline, it is possible that the mechanisms involved in the long-term regulation of bone geometry may differ from those regulating the response to short-term loading stimuli.
Comparable data are sparse. After 14 wk of strenuous physical training in young men, one study showed greater increases in BMC in the dominant leg compared with the nondominant (76), while, in contrast, a 3-yr longitudinal study showed similar changes in both dominant and nondominant humerii and femurs of young athletes (87).
Study Limitations
It is possible that increases in skeletal geometry may have reflected continued growth in some individuals, and a radiological marker of skeletal maturity may have contributed to the interpretation of geometric change. Furthermore, while the identification of a comparable sedentary control group of sufficient scale would have proved a challenge, this would have helped in differentiating the contribution of such effects.
Second, more frequent observation might have yielded greater granularity of data. Thus an initial fall of VOS as an adaptive response to exercise may be followed by a rise after continued activity (25) . However, logistic limitations did not allow interim measures in our study. In addition, data on nutritional aspects before training were unavailable. Nor can one ensure that diet was constant for each individual during training. However, while insufficient energy intake can be detrimental to bone health (40) , our training regime is not associated with a significant energy deficit (90) . Nonetheless, information on intake or current status of calcium, vitamin D, other trace nutrients, protein, and fat may have shown interaction with baseline measures or the response to training (38) .
Third, only the lower limb was studied, and changes here may not represent those in other load-bearing skeletal structures such as the spine. Indeed, the geometric response to increased mechanical load does seem site dependent (8, 89) , and 15 wk of military training have been associated with increase in tibial diaphyseal BMD and a concurrent decrease at the lumbar spine (15) .
THE LICHFIELD BONE STUDY
Fourth, a study such as this does not permit quantification of the precise pattern and magnitude of skeletal loading. Direct measurement of bone strains is invasive (45) , while indirect measurement of ground reaction forces is not practicable in studies like ours, as it is limited in time and place. Accelerometer-based data can be used as surrogates for bone strain (39) . Such devices have been used to investigate the skeletal response to exercise (39, 48, 106, 108 -110) . However, strain relating to muscle forces on bone is not quantified. Furthermore, most devices only measure the vertical component of acceleration, and impacts from atypical loading directions strongly influence femoral neck strength (84, 85) . The applicability and validity of using such an approach in recruit training thus remains unvalidated.
Fifth, leg dominance was recorded by asking the recruits whether they were right, left, or both footed, with regards to which leg they would normally use to kick a ball. A formal assessment of dominance was not possible due to time constraints. Appropriate methodologies are also debated: some argue that the stance leg should be deemed dominant, while others believe it should be the kicking leg. Previous results have shown little difference between subjective leg dominance based on kicking and functional dominance (41) .
Sixth, biochemical markers of bone turnover were not measured. However, the relationship between markers and actual phenotypic change (for instance, in BMD) is generally weak (71, 78) and may be weaker still in a younger male population (28, 71) . Their correlation with change in BMD may be modest, with a high variation in the identified statistical significance and polarity of correlation (29, 71) . Markers are also influenced by longer term factors (such as season) and also change dramatically in the very short term, being subject to diurnal variation and the influence of exercise and bed rest (31, 71, 82) . Indeed, markers of bone turnover rise within 30 min of acute exercise, with the observed changes exceeding those that could be explained by hemoconcentration (14, 113) . Temporal variations in access to the army recruits sampled would thus have proven a major confounder, worsened by the unavoidable variation in the nature, intensity, timing, and duration of exercise taken immediately before study.
In addition, alternative modes of phenotyping might be applied in future studies. Sensitivities relating to x-radiation exposure led us to favor the use of a mobile MRI scanner for the assessment of bone macro-geometry. However, the use of pQCT allows assessment of bone geometry and also of true volumetric (and trabecular and cortical) BMD, and indexes of stress-strain. Future application of such technology may thus offer advantages.
Finally, care should be taken in the extrapolation of our findings to women and to those of different age. The skeletal response to exercise may be greater in the young (53, 117) and may even differ between middle-aged and elderly men (79) . Bone characteristics and their response to exercise are also sex dependent (9, 27) . Although no sex differences have been shown in the BMD response to training in controlled human studies (93) , both animal (101, 113) and human studies (26) have shown significant differences in bone turnover.
In conclusion, we have reported the first large-scale study to investigate the skeletal changes to training using three different modalities (DXA, QUS, and MRI) in young Caucasian men. Femoral geometry differs by limb dominance at baseline and responds to training primarily by an increase in periosteal bone deposition. Hip and femoral BMD, and calcaneal BUA, all increased substantially in only 12 wk. Such data offer insight into the speed and nature of the skeletal response to exercise and lend further support to the encouragement to exercise as a means of improving bone health in the young.
